Much effort has been paid towards the preparation of hydrophilic zeolite LTA membranes, and these zeolite LTA membranes have showed excellent performance in hydrophilic separations. However, there are only a few reports on successful shape-selective separations of gas mixtures on zeolite LTA membranes, most separation factors reported so far were lower than the corresponding Knudsen constants. It is often found that zeolite LTA membranes contain inter-crystalline defects to degrade their separation selectivity, which result from the problems that the isolated crystals on the support surface grow together to form a continuous supported LTA layer. In the present work, via urethane bonds formed by the reaction of isocyanate groups with surface hydroxyls, a facile synthesis method is developed for the seeding-free preparation of supported dense zeolite LTA layers by using 1,4-diisocyanate as a molecular binder to anchor the zeolite nutrients onto the support surface. The a-Al 2 O 3 supported zeolite LTA membrane with a thickness of about 3.5 mm displays molecular sieving performance in gas permeation tests.
Introduction
In the last 25 years, supported zeolite membranes have attracted intense interest as potential separators, reactors, sensors and electrical insulators due to their uniform pore structure and high thermal stability. [1] [2] [3] [4] [5] [6] So far, various types of supported zeolite layers, such as MFI, 7, 8 DDR, 9 LTA, 10-14 FAU, 15, 16 CHA, 17, 18 and AFI, 19 have been successfully prepared on different supports. Among these molecular sieve membranes, the zeolite LTA membrane is of special interest. On the one hand, the zeolite LTA membrane with a pore size of about 0.4 nm for Na + LTA (4A) is expected to be a candidate for the separation of small molecules such as hydrogen. [12] [13] [14] By ion exchange, the pore size of LTA can be engineered: about 0.3 nm for K + LTA (3A) and about 0.5 nm for Ca 2+ LTA (5A). On the other hand, zeolite LTA displays a strong hydrophilicity and allows us to remove water from organic solutions. [20] [21] [22] [23] [24] [25] Therefore, zeolite LTA membranes show excellent performance in hydrophilic separations, and are produced at an industrial scale for the de-watering of bio-ethanol. 26, 27 However, there are only a few reports on successful shapeselective separations of gas mixtures on zeolite LTA membranes, all separation factors reported so far were lower than the Knudsen constant with the exception of the O 2 /N 2 separation 28 and our recent report of zeolite LTA membranes prepared on modified supports.
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It is often found that zeolite LTA membranes contain inter-crystalline defects, which result most probably from the problems that the isolated LTA crystals on the support surface cannot intergrow well to a continuous LTA layer. Because of the strong negative surface charge (z potential), it is believed that negatively charged silicate/ aluminate building blocks are difficult to enter the narrow gaps between the LTA crystals. 29 Another problem is the huge irregular changes of the unit cell if the LTA or FAU membranes become activated for permeation by drying. This shrinking and expansion can be two orders of magnitude larger than the thermal expansion behaviour which can also create inter-crystalline gaps and a mismatch of the zeolite layer with the support. 30 Due to these inter-crystalline gaps, gas transport through the membrane is controlled by Knudsen diffusion rather than by a molecular sieve mechanism. Therefore, the synthesis of molecular sieve zeolite LTA membrane is still a challenge.
It is of great significance to fully understand the formation mechanism of zeolite membranes to control and optimize membrane growth. [31] [32] [33] [34] [35] According to Myatt's proposition, 33 the formation of a zeolite membrane can be attributed to four different ways (Fig. S1 †) : (i) formation of nuclei and their growth to crystals in the bulk solution followed by their attraction to and association with the substrate; (ii) formation of nuclei in the bulk solution, but diffusion to and accumulation on the support surface before significant growth has occurred; (iii) diffusion of amorphous aluminosilicate material to and concentration on the substrate, providing more favourable conditions for nucleation and growth in the vicinity of the surface; (iv) formation of nuclei on the support surface, followed by their growth. The formation road (iv) in combination with either (ii) or (iii) is assumed to be the most probable mechanism for membrane formation.
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Therefore, the promotion of nucleation on the substrate surface is crucial to the membrane formation. It is well recognized that seed coating of the supports to offer nucleation centers is a powerful technique to direct nucleation and growth of the zeolite layers to obtain high performance zeolite membranes.
36-39
Chemical modification of the supports surface to facilitate nucleation is another road for the seeding-free synthesis of highquality zeolite membranes.
12, 40 Recently, we have developed a novel strategy for the seeding-free preparation of zeolite LTA membrane by using 3-aminopropyltriethoxysilane (APTES) as a covalent linker between the zeolite layer and the porous a-Al 2 O 3 support. 41 By covalent bonds, the LTA nutrients were attached to the support surface thus promoting the nucleation and growth of a continuous LTA layer. In pioneering studies, Yoon et al. and Biemmi and Bein proposed to improve the assembly of a zeolite film on a support by using 1,4-diisocyanate (DIC-4) as a molecular binder via the reaction of isocyanate groups with hydroxy groups. 42, 43 However, to the best of our knowledge, there is still no report on the preparation of molecular sieve membranes by using diisocyanates as molecular linkers until now. In the present work, we adopt and develop this concept for in situ growth of dense supported zeolite membranes/ layers on DIC-4 functionalized supports, as shown in Fig. 1 . It can be expected that a zeolite LTA membrane prepared on a DIC-4 functionalized a-Al 2 O 3 support will be more perfect and show higher gas separation performances.
Experimental Materials
Chemicals were used as received: LUDOX AS-40 colloidal silica (40% SiO 2 in water, Aldrich) as a Si source; aluminium foil (Fisher Scientific) as a Al source; sodium hydroxide (>99%, Merck); 1,4-diisocyanate (DIC-4, >97%, Aldrich); 1,6-diisocyanate (DIC-6, >98%, Aldrich); and doubly distilled water. Asymmetric porous a-Al 2 O 3 disks (Fraunhofer Institute IKTS, former HITK/Inocermic, Hermsdorf, Germany: 18 mm diameter, 1.0 mm thickness, 70 nm particle size in the top layer), porous a-Al 2 O 3 tubes (Dalian Institute of Chemical Physics, CAS: 12 mm outside diameter, 9 mm inside diameter, 100 mm length, ca. 1.0 mm pore size), non-porous glass plates (18 Â 18 Â 1 mm), non-porous polytetrafluoroethylene (PTFE) and non-porous stainless steel disks (18 mm diameter, 1.0 mm thickness) were used as supports.
Preparation of zeolite LTA membranes/layers
The zeolite LTA membranes/layers were prepared on covalently functionalized supports by using DIC-4/DIC-6 as a molecular binder to in situ anchor the formed nuclei during hydrothermal synthesis (Fig. 1) . The porous or non-porous supports were treated with DIC-4/DIC-6 (0.1 M in 10 mL toluene) at 110 C for 3 h under argon, leading to a DIC-4/DIC-6 layer depositing on the supports surface. 42 For the synthesis of zeolite LTA membranes/layers, a clear synthesis solution with the molar ratio of 50 Na 2 O : 1Al 2 O 3 : 5SiO 2 : 1000H 2 O was prepared according to the procedure reported elsewhere.
12,41 The DIC-4/DIC-6 treated supports were horizontally placed face down (Al 2 O 3 tubes were placed vertically) in a Teflon-lined stainless steel autoclave which was filled with the synthesis solution. After hydrothermal synthesis of 24 h at 60 C, the solution was decanted off and the membrane was washed with deionized water several times, and then dried in air at 110 C overnight for characterization and permeation measurements.
Characterization of zeolite LTA membranes/layers
SEM micrographs were taken on a JEOL JSM-6700F with a cold field emission gun operating at 2 kV and 10 mA. The XRD patterns were recorded at room temperature under ambient conditions with a Bruker D8 VANDANCE X-ray diffractometer with the CuKa radiation at 40 kV and 40 mA. Raman spectra were measured with a Horiba Jobin-Yvon T64000 triple-grating spectrometer, using the Ar + laser line with l ¼ 514.5 nm.
Evaluation of single and mixture gas permeation
For the single gas and mixture gas permeation, the supported zeolite LTA membranes on porous a-Al 2 O 3 disks were sealed in a permeation module with silicone O-rings. The sweep gas N 2 (except for the N 2 permeation measurement where CH 4 was used as the sweep gas) was fed on the permeate side to keep the concentration of the permeating gas as low as possible thus providing a driving force for permeation. The total pressure on each side of the membrane was atmospheric. The fluxes of feed and sweep gases were determined with mass flow controllers, and a calibrated gas chromatograph (HP6890) was used to measure the gas concentrations (Fig. S2 †) . The separation factor a i,j of a binary mixture permeation is defined as the quotient of the molar ratios of the components (i,j) in the permeate, divided by the quotient of the molar ratio of the components (i,j) in the retentate.
Results and discussion
The formation of a diisocyanate layer on the Al 2 O 3 surface after reaction of diisocyanate with a surface hydroxy group was confirmed with Raman spectra. As shown in Fig. 2 , all the peaks match well with those of DIC-4 reported previously. 43 The absorptions of CH 2 groups of the aliphatic chain are observed at a high frequency of 2920 and 2850 cm À1 resulting from the Fig. 3d , it can be seen that the membrane is well intergrown with a thickness of about 3.5 mm. On the contrary, no dense LTA layer can be formed on the non-functionalized a-Al 2 O 3 disk by in situ growth. The zeolite layer is less intergrown containing loosely packed crystals and a rough layer surface (Fig. S3 †) . It is well recognized that the formation of zeolite membranes on supports is a heterogeneous nucleation process, [33] [34] [35] i.e. a homogeneous gel layer is first formed on the support surface for the production of nuclei, followed by crystal growth to form a continuous membrane. However, due to the weak interaction between the molecular precursor species and the support, the heterogeneous nucleation of zeolite on the support surface is poor, which causes problems in the formation of a continuous layer. Therefore, coating of the supports with seed crystals is usually indispensable.
Via urethane bonds as proposed previously, 42, 43 in the present work we use DIC-4 as highly efficient molecular linkers which in situ anchor the LTA nutrients onto the support surface thus promoting the nucleation. The enhancement of nucleation on the DIC-4 modified a-Al 2 O 3 disk can be deduced from membrane morphology, showing a large number of small and well intergrown crystals (Fig. 3a-c) . Actually, a rather continuous layer can be formed on the DIC-4 modified a-Al 2 O 3 disk in a rather short synthesis time (Fig. S4 †) .
The formation of a pure zeolite LTA membrane with a high degree of crystallinity was confirmed by XRD (Fig. 4) , which shows that all peaks match well with those of zeolite LTA powder besides the a-Al 2 O 3 signals from the support. It should be noted that unlike the monolayer assembly of zeolite crystals by using DIC-4 as covalent linkers, 42 the zeolite LTA membrane prepared on DIC-4 modified a-Al 2 O 3 support by in situ hydrothermal synthesis shows no preferential orientation.
It is well known that the nature of the supports and its surface properties have great influence on the layer growth. [44] [45] [46] Fig . 5 shows the SEMs of zeolite LTA films prepared on different nonfunctionalized or DIC-4 functionalized non-porous supports: glass plate, stainless steel disk, and PTFE disk. As shown in Fig. 5 , DIC-4 functionalization is necessary to grow continuous LTA layers on stainless steel and PTFE. Only in the case of the glass plate a continuous LTA layer is grown without functionalization due to the high concentration of silanols. After covalent functionalization of the supports by DIC-4 before hydrothermal synthesis, the growth of zeolite LTA is markedly improved, and dense and pure LTA films containing well intergrown cubic crystals can be formed on glass plate, stainless steel and PTFE disks (Fig. 5 and S5-7 †) . The concept of using DIC-4 as molecular binders could be extended from LTA layer growth on flat supports to the growth of dense LTA layers on tubular supports (Fig. S8 †) . From the cross-section of the LTA membrane on the tubular alumina supports (Fig. S8b †) , it can be seen that the support pores are filled with zeolite crystals due to the rather large pore size of the support top layer ($1 mm) in comparison with the a-Al 2 O 3 disk ($0.1 mm), which results in a sharp border in the latter case between the external supported LTA layer and the support (Fig. 3d) . As expected, besides DIC-4, other diisocyanates like DIC-6 can also be used as molecular binders for the facile formation of zeolite LTA membranes. As shown in Fig. S9 †, a dense and well intergrown LTA membrane can be formed consistently on the DIC-6 functionalized Al 2 O 3 support. Further work is in progress to extend this strategy to prepare other zeolite membranes. It is worth to note that isocyanate compounds can be easily derived from a wide variety of compounds, while reactive silyl compounds can be produced only from olefins, 42 therefore the present covalent road through urethane bonds is more conveniently applied than silanol linkers that we reported previously.
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The zeolite LTA membrane was evaluated by single gas permeation and mixture gas separation. The volumetric flow rates of the single gases H 2 , CO 2 , N 2 , CH 4 and C 3 H 8 as well as the equimolar binary mixtures of H 2 with CO 2 , N 2 , CH 4 and C 3 H 8 were measured using the Wicke-Kallenbach technique (Fig. S2 †) . Fig. 6 shows the permeances of the single gases through the LTA zeolite membrane prepared on DIC-4 modified a-Al 2 O 3 supports at 20 C and 1 bar as a function of the kinetic diameters of the permeating molecules. As shown in Fig. 6 , the permeance of C 3 H 8 is much lower than those of the other gases, which is in accordance with the pore size of about 0.4 nm of zeolite Na + LTA (4A). At 20 C, the ideal separation factors of H 2 from CO 2 , N 2 , CH 4 and C 3 H 8 , determined as the ratio of the single component permeances, are 7.17, 6.02, 5.40, and 25.7, respectively, which exceed the corresponding Knudsen coefficients (4.7, 3.7, 2.8 and 4.7) by far, suggesting that the Na + LTA zeolite membrane prepared by using DIC-4 as molecular binders displays hydrogen selectivity with a H 2 permeance of 2.3 Â 10 C, the ideal separation factors of H 2 from CO 2 , N 2 , CH 4 and C 3 H 8 , are 6.95, 5.76, 4.89 and 6.61, which also exceed the corresponding Knudsen coefficients. However, it is obvious that the Na + LTA zeolite membrane prepared on DIC-4 modified a-Al 2 O 3 supports displays higher separation selectivities than that prepared on APTES modified a-Al 2 O 3 supports, in particular for the separation of H 2 with C 3 H 8 . The enhancement of separation performances is attributed to the stronger binding strength of urethane groups when DIC-4 was used as molecular linkers. As reported previously, 42 the binding strengths of DIC-4 between the zeolite crystals and glass plates are higher than that of APTES due to the increase in the number of inter-surface molecular binders for DIC-4.
The permeances of n-and i-butane through the Na + LTA membrane are rather low since both kinetic diameters of nbutane (0.43 nm) and i-butane (0.51 nm) are larger than the pore size of Na + LTA ($0.4 nm). In Na + LTA with a u.c. composition Na 12 [Si 12 Al 12 O 48 ], three of the twelve Na + ions are located in the six 8-ring windows between the two u.c. thus reducing the window diameter. After ion exchange of the 12 Na + by 6 Ca 2+ , the 6 introduced Ca 2+ ions occupy positions near to the cubooctahedra and no cations are present in the 8 membered oxygen rings, leading to a pore size of about 0.5 nm. As shown in Table 1 , all single gas permeances of hydrogen, n-and i-butane increase when Na + ions were exchanged by Ca
2+
. At 20 C and 1 , respectively. Therefore, for the gas pair n/i-butane, a high ideal separation factor defined as ratio of the single component fluxes of 140 can be derived for the Ca 2+ LTA membrane. The molecular sieve performance of the zeolite Na + LTA membrane prepared on DIC-4 modified a-Al 2 O 3 disks was also confirmed by the separation of equimolar mixtures of H 2 with CO 2 , N 2 , CH 4 and C 3 H 8 at 20 C and 1 bar. As shown in the inset of Fig. 6 , for the 1 : 1 binary mixtures, the mixture separation factors of H 2 /CO 2 , H 2 /N 2 , H 2 /CH 4 and H 2 /C 3 H 8 , determined as the molar ratios in permeate and retentate, are 6.7, 5.4, 4.9 and 15.8, which are higher than those from the Na + LTA zeolite membrane prepared on the APTES modified a-Al 2 O 3 supports (5.3, 4.2, 3.6 and 6.4) and higher than the corresponding Knudsen coefficients (4.7, 3.7, 2.8 and 4.7). It is found that DIC-4 functionalization of supports is helpful to eliminate the influence of the surface chemistry and thus enhance the reproducibility of the membrane preparation (Table S1 †) .
Conclusions
In conclusion, in the present work, a facile seeding-free synthesis method was developed for the reproducible preparation of dense zeolite LTA layers on different covalently functionalized supports by using the diisocyanate DIC-4 as a molecular binder, which is helpful to in situ anchor the LTA nutrients onto the support surface during the hydrothermal synthesis of zeolite LTA layers. Through the urethane bonds formed in the reaction of isocyanate groups with surface hydroxyls, DIC-4 can act as a molecular binder between the LTA nutrients and the support thus promoting the nucleation and facilitating the formation of a uniform, well intergrown and phase-pure LTA membrane. The zeolite LTA membranes prepared on DIC-4 modified porous aAl 2 O 3 disks display higher separation selectivities than those ones prepared on APTES modified a-Al 2 O 3 disks due to the stronger binding strength of urethane bonds in comparison with that of the bonds linking to silyl compounds. For binary mixtures separation, through the Na + LTA membrane at 20 C and 1 bar, the mixture separation factors of H 2 /CO 2 , H 2 /N 2 , H 2 / CH 4 and H 2 /C 3 H 8 are found to be 6.7, 5.4, 4.9 and 15.8, respectively, which are higher than those from the corresponding Knudsen coefficients. Further, relative high H 2 permeances of about 2.3 Â 10 À7 mol m À2 s À1 Pa À1 have been obtained. After pore opening of the Na + LTA membrane by Ca 2+ ion exchange, an ideal separation factor of 140 for n/i-butane is determined. The permeances of single gas were measured by using a soap-film method at 20 C.
